The integration of Inertial Navigation System (INS) and Global Positioning System (GPS) single-point-positioning (SPP) mode cannot meet the requirements of high-accuracy navigation. Range observation through ultra-wideband (UWB) is an effective means to enhance the reliability and accuracy of GPS/INS integrated navigation, particularly in environments where GPS availability is poor. Because it is difficult for UWB signal to achieve large-scale intervention coverage, an enhanced GPS/INS/UWB integrated scheme with positioning error correction is proposed to improve the position accuracy in the UWB signal outage scenario. The position difference between the GPS/INS integrated solution and the GPS/INS/UWB integrated solution is predicated as the error correction for GPS/INS/UWB integrated navigation in a UWB signal challenging environment. Position correction information in the north and east directions is input to the two-step filter to decrease the error of GPS/INS integrated navigation in single-point-positioning. In order to validate the proposed method, a real experiment is conducted. The results indicate that the enhanced GPS/INS/UWB integrated scheme with positioning error correction is able to improve the position accuracy of GPS/INS/UWB integrated navigation when UWB signal is unavailable.
Introduction
When used in combination, global navigation satellite system (GNSS) and inertial navigation systems (INS) can be used to collect geographic data of specific objects, such as attitude, velocity, and position. These systems have uses in everything from farmland to navigation to military operations. GNSS provides reliable positional information that can be updated in real time, and INS indicates attitude over short periods. Also, a GNSS receiver processes position results from satellite signals, and INS is a self-contained device for measuring velocity and attitude. Clearly, the integration of both GNSS and INS would greatly enhance performance over each individual system [1] . On the other hand, in environments where GPS signal reception is limited or non-existent, the performance of GPS/INS integrated is severely impeded. High-accuracy precise point positioning-real time kinematic (PPP-RTK) and multi-GNSS [2] are the important methods for navigation and positioning in obstructed environments [3] . PPP-RTK was developed to overcome the limitation in ambiguity solution and give centimeter-accuracy in a few seconds [4] . PPP-RTK is a relative technique and the 'single-receiver user' integer ambiguities are actually double-differenced ambiguities [5] . It is possible to integrate PPP and NRTK (Network Real-Time Kinematic) into a seamless positioning service, which provides an accuracy of about 10 cm anywhere. It can also be upgraded to a few centimeters within a regional network [6] .
Integer ambiguity solution at a single station can be performed by introducing predetermined uncalibrated phase delays (UPDs) into the float ambiguity estimates of precise point positioning (PPP) [7] . The multi-GNSS positioning method is able to increase the navigation parameters [8] , but it offers little advantage on improving the space distribution of GPS satellites. In order to ensure the real-time performance of navigation and reduce cost, the SPP method is used in the GPS/INS/UWB integrated scheme and only GPS signal is used in data resolution here.
Recently, the ultra-wide bandwidth (UWB) ranging method, with its extensive range of time transfer, has attracted great interest for its applications in positioning and tracking distance measurements [9] . UWB signals are relatively robust and resistant to frequency-selective fading and the ability for both high-capacity communication and strong solution over time. A great deal of research has addressed means by which UWB might be integrated with GPS to improve the accuracy of positioning in environments in which GPS does not work well alone. For instance, an augmented carrier-phase real-time kinematic (RTK) float filter can be augmented with UWB range measurements, which resolves challenges related to the ratio and time of ambiguity resolution [9] . Systems that tightly incorporate GPS-based observations and UWB-based assessments of range were able to account for systematic UWB errors in real time, but an extended Kalman filter (EKF) showed further error states [10] . Integrating GPS and UWB can allow highly accurate positioning by testing a number of external corner points on an eight-storey building [11] . A GPS/UWB integrated system was used to maintain any submeter-level position solutions. A commercially available UWB ranging system was used as part of the tightly coupled GPS-UWB RTK system [12] . This integrated system was more accurate and offered better fixed-ambiguity solutions than GPS alone. Even in environments in which GPS does not work well, accuracy was still tangible at the sub-decimeter level [13] . A vehicle-relative solution was reached within a vehicle-to-infrastructure (V2I) using an extended Kalman filter with a differential GPS pseudorange. Carrier-phase measurements were used in conjunction with UWB ranges of the distance between the vehicle in question and two points on either side of the road [14] . Collaborative positioning was reached by substituting GPS and UWB data between the vehicles. This system was found to perform better than GPS alone [15] . A cooperative vehicle-to-vehicle (V2V) method of relative positioning was developed using a federated filtering scheme within a vehicular ad hoc network (VANET) that had been built using techniques involving UWB ranging and differential GPS (DGPS). Doppler, UWB-range observations, and GPS pseudorange at an accuracy of 20-30 cm were used to estimate V2V baseline [16] . A tightly coupled fusion of impulse radio UWB (IR-UWB) and DGPS for peer-to-peer ranging was used to determine the positions of aircraft flying in close formation [17] . A cooperative positioning solution with GNSS and UWB was developed to precisely locate vehicles traveling through areas in which GNSS does not work well or is blocked. UWB range observations allowed the system to reach levels of accuracy at the decimeter scale or finer, even in scenarios full of motion [18] . The detailed process of UWB performance testing in the context of navigating and positioning was analyzed in GNSS-compromised environments, which illustrates the potential of UWB for long-time tracking and navigation, without the expansion of drift errors. This makes mapping possible and reliable for commercial applications [19] .
To further enhance the reliability and availability of GPS/INS integration, the positioning techniques based on UWB range measurements and the corresponding algorithms were proposed and could improve performance. For areas in which the UWB positioning infrastructure is available, one system augments GPS and the microelectromechanical system (MEMS)-INS by performing low-cost UWB measurements. Multi-sensor fusion algorithms could determine the positions of moving objects to an accuracy of 20 cm in environments in which UWB range measurements are possible [20] . A low-cost GPS/INS navigation incorporating impulse radio signals through ultra-wideband transceivers in environments in which GPS does not work well or at all can facilitate a horizontal accuracy at a level of 0.5 m with robust performance [21] . A tightly coupled INS/UWB system for pedestrian indoor applications was developed. This robust integration, combined with the integrity method, has been implemented in a tightly coupled system [22] . A new, enhanced, tightly coupled cooperative positioning technique was developed by adding ultra-wide bandwidth (UWB)-based inter-vehicular range measurements. This method outperformed the INS-aided tight cooperative positioning method, the tight cooperative positioning method, and the DGPS by 60%, 65%, and 73%, respectively, in the GPS outage scenario [23] .
These researches showed that the additional UWB measurements can significantly improve horizontal positioning accuracy, particularly in environments where GPS availability is poor. Most studies have focused on improving navigation information in environments with reliable UWB signal reception. As such, the effect of UWB during signal blockage has not been taken into account. To tap the potential of UWB observation, an enhanced GPS/INS/UWB integrated scheme with position error correction is proposed. In environments where there is no UWB signal, the proposed scheme is used to take full advantage of UWB range observed before.
Our paper includes five sections. After the introduction, Section 2 describes the GPS/INS/UWB tightly coupled navigation model to show the system state model, observation model and Kalman fusion algorithm of the integrated system. The enhanced GPS/INS/UWB integrated system including position error correction scheme with two-step filter, observation model of position error correction and position error prediction with UWB observation is overviewed in Section 3. Results of the field experiment are then included and analyzed in Section 4. We conclude with a summary of the main conclusions.
GPS/INS/UWB Tightly Coupled Navigation

System State Model
For integrated navigation, the Kalman filter was used with a system error dynamic model that had been developed using INS error equations. Terms whose values were not significant were disregarded during linearization. The psi-angle error equations of INS are given below [24] :
where δr, δv and δψ are the position, velocity and orientation error vectors, respectively. ω en is the angular rate of navigation frame with respect to earth, and ω ie is the angular rate of earth with respect to an inertial frame. The accelerometer bias error vector δ and the gyro drift error vector ε are regarded as the random walk process vectors, which are modeled as follows:
.
where u δ and u ε are white Gaussian noise vectors.
The state dynamic equations of receiver clock can be written as:
where u dt and u δdt are the white noise vectors of the receiver clock error and receiver clock error drift, respectively.
By combining Equations (1) to (5) , the system state model can be generalized into matrix and vector forms:
where X is the error state vector, Φ is the system transition matrix, and u is the process noise vector.
Observation Model
The observation model of GPS information in GPS/INS tightly-coupled positioning scheme is composed of the pseudo-range and Doppler difference vector between the GPS observation and the INS predication value [25] : The observation model of UWB information is composed of the range difference between the UWB observation and the INS predication range:
where r UWB i is the UWB ranging measurements of the ith UWB unit and r INS i is the distance calculated via the coordinates estimated using INS and the coordinates of the UWB reference stations.
Corresponding to the system state model, the generic measurement equation of the Kalman filter can be written as:
where Z k is the m-dimensional observation vector, H k is the observation matrix [25] , and τ is the measurement noise vector with covariance matrix R k , assumed to be white Gaussian noise. When the UWB signal is available, the filter observation Z k includes the GPS measurements Z GPS and UWB measurement Z UWB , otherwise, the observation Z k only includes the GPS measurement. As indicated by the two models-the observation model and the system state model-the Kalman filter serves to fuse information in integrated navigation [26] . The optimal estimation of the state vector from the Kalman filter can be reached through time and measurement updates. These values are independent of other measurements and can be updated in real time.
Position Error Correction under UWB Outages Conditions
Position Error Prediction with UWB Observation
Many machine-learning methods can be used to predict position differences between a GPS/INS integrated solution and a GPS/INS/UWB integrated solution when the UWB signal is unavailable. In this case, the fuzzy neural network (FNN) method is used as example [24] . Because the machine-learning method requires data to train neurons to perform estimates as close to accurate as possible, our GPS/INS/UWB integrated system records the inertial measurement unit (IMU) observation and position solution by GPS/INS integrated system as the input. The output between the GPS/INS integrated position and the GPS/INS/UWB integrated position is a 2-D vector with north and east positions as components (Figure 1 ). Most often, the UWB signal emitter is installed close to the ground and UWB range observation is insensitive to the height. Therefore, it is difficult to modify errors in the height direction, and the output of machine learning excludes this information. 
Position Error Correction Scheme with Two-Step Filter
Position error correction is used to improve the accuracy of GPS/INS/UWB integrated navigation when UWB is unavailable. When the UWB signal is on, the difference in the position solution between the GPS/INS system and GPS/INS/UWB system is used to construct the prediction model which is able to realize the correction calculation. When UWB is unavailable, GPS and INS are integrated to compute the navigation information with a Kalman filter. This is the first-step Kalman filter. The filter observations are the pseudo-range and Doppler value observed by GPS. Then the correction information is calculated by the above prediction model in Figure 2 and input to the second-step filter 
Position error correction is used to improve the accuracy of GPS/INS/UWB integrated navigation when UWB is unavailable. When the UWB signal is on, the difference in the position solution between the GPS/INS system and GPS/INS/UWB system is used to construct the prediction model which is able to realize the correction calculation. When UWB is unavailable, GPS and INS are integrated to compute the navigation information with a Kalman filter. This is the first-step Kalman filter. The filter observations are the pseudo-range and Doppler value observed by GPS. Then the correction information is calculated by the above prediction model in Figure 2 and input to the second-step filter as the filter observation to update the position solution calculated by GPS/INS integrated navigation ( Figure 3 ). Rather than modifying the position result with error correction information directly, the two-filter mode is able to avoid the filter divergence.
as the filter observation to update the position solution calculated by GPS/INS integrated navigation ( Figure 3 ). Rather than modifying the position result with error correction information directly, the two-filter mode is able to avoid the filter divergence. The observation model of the position error correction is composed of:
where
are the position differences between the GPS/INS integrated solution and the GPS/INS/UWB integrated solution. The position difference information is calculated by the machine learning method and employed to improve the position accuracy during UWB unavailability.
Field Test and Analysis
We field-tested the system on the roof of the Nottingham Geospatial Institute (NGI; Nottingham, UK). Our field test system included one tactical-grade IMU, three UWB units, one MEMS-grade IMU, and two GPS receivers. The UWB unit sampled information at one hertz. At the beginning of the test, we installed a Leica AS10 GNSS dual-frequency antenna at the top of a pillar above the NGI locomotive, and we fastened a UWB unit under the antenna using a lever-arm. Two UWB units were set on the pillars on the NGI roof, and the coordinates of the pillars were known. The distances between the locomotive and the pillars were measured by the UWB system. This UWB unit was connected to a laptop to store the range observations. The MEMS IMU inside the locomotive was connected to the Leica antenna. It recorded raw observations onto a SD card for post-processing. Another GPS receiver was set on a pillar on the NGI roof to serve as a reference station for calculating DGPS corrections. The UWB ranges were time-tagged by the laptop, which was synchronized to the GPS time, to collect one-hertz UWB ranges prior to testing. The sampling rate of GPS receivers and IMU were respectively configured as 10 Hz and 200 Hz [27] . The duration of the whole test lasted about 15 min. The GPS observations were processed using GPS software GrafNav TM 8.0 in RTK mode by phase differences. The solution was regarded as the position reference. The accuracy of position reference reached centimeter-level. The initial standard deviation of pseudorange, Doppler and UWB observations were 2.5 m, 0.1 m/s and 0.3 m using their prior statistical data. The experience trajectory and the devices used during the tests are presented in Figures 4 and 5 [28] . The velocity series of the NGI locomotive during the field test are presented in Figure 6 . The specifications of the MEMS-IMU are given in Table 1 . The observation model of the position error correction is composed of:
where ∆p N and ∆p E are the position differences between the GPS/INS integrated solution and the GPS/INS/UWB integrated solution. The position difference information is calculated by the machine learning method and employed to improve the position accuracy during UWB unavailability.
We field-tested the system on the roof of the Nottingham Geospatial Institute (NGI; Nottingham, UK). Our field test system included one tactical-grade IMU, three UWB units, one MEMS-grade IMU, and two GPS receivers. The UWB unit sampled information at one hertz. At the beginning of the test, we installed a Leica AS10 GNSS dual-frequency antenna at the top of a pillar above the NGI locomotive, and we fastened a UWB unit under the antenna using a lever-arm. Two UWB units were set on the pillars on the NGI roof, and the coordinates of the pillars were known. The distances r UWB 1 and r UWB 2 between the locomotive and the pillars were measured by the UWB system. This UWB unit was connected to a laptop to store the range observations. The MEMS IMU inside the locomotive was connected to the Leica antenna. It recorded raw observations onto a SD card for post-processing. Another GPS receiver was set on a pillar on the NGI roof to serve as a reference station for calculating DGPS corrections. The UWB ranges were time-tagged by the laptop, which was synchronized to the GPS time, to collect one-hertz UWB ranges prior to testing. The sampling rate of GPS receivers and IMU were respectively configured as 10 Hz and 200 Hz [27] .
The duration of the whole test lasted about 15 min. The GPS observations were processed using GPS software GrafNav TM 8.0 in RTK mode by phase differences. The solution was regarded as the position reference. The accuracy of position reference reached centimeter-level. The initial standard deviation of pseudorange, Doppler and UWB observations were 2.5 m, 0.1 m/s and 0.3 m using their prior statistical data. The experience trajectory and the devices used during the tests are presented in Figures 4 and 5 [28] . The velocity series of the NGI locomotive during the field test are presented in Figure 6 . The specifications of the MEMS-IMU are given in Table 1 . In order to test the performance of the enhanced GPS/INS/UWB integrated system, the whole trajectory was divided into three stages: In order to test the performance of the enhanced GPS/INS/UWB integrated system, the whole trajectory was divided into three stages: In order to test the performance of the enhanced GPS/INS/UWB integrated system, the whole trajectory was divided into three stages: In order to test the performance of the enhanced GPS/INS/UWB integrated system, the whole trajectory was divided into three stages:
Stage one: The UWB signal is available and GPS, INS and UWB are integrated from 486,300 s to 486,500 s. Stage two: The UWB signal is unavailable and GPS and INS are integrated without error correction from 486,500 s to 486,700 s. Stage three: The UWB signal is unavailable and GPS and INS are integrated with error correction scheme presented in Section 3 from 486,700 s to 486,900 s.
The field test trajectories of GPS/INS integrated navigation with and without UWB observation in stage one are shown in Figure 7 . Figure 8 shows the comparison of PDOP (Position Dilution of Precision) value between GPS/INS and GPS/UWB/INS tightly coupled navigation. Figure 9 shows the time series of position errors in the north, east and down directions for two schemes. Table 2 summarizes the root mean square (RMS) and MEAN of position error for the two schemes during this period of the test. The GPS/INS integrated solutions were not good, with error RMS of 2.00 m, 0.89 m and 0.65 m in the north, east and down directions, respectively. However, when adding UWB data, the solution is improved by 82%, 88% and 14%, respectively. It can be seen that the accuracy improvement in the east and north directions were much larger than that in the down direction. The accuracy improvement in height can be lower than 14%. So the output of the machine learning excludes the position information in the height. The field test trajectories of GPS/INS integrated navigation with and without UWB observation in stage one are shown in Figure 7 . Figure 8 shows the comparison of PDOP (Position Dilution of Precision) value between GPS/INS and GPS/UWB/INS tightly coupled navigation. Figure 9 shows the time series of position errors in the north, east and down directions for two schemes. Table 2 summarizes the root mean square (RMS) and MEAN of position error for the two schemes during this period of the test. The GPS/INS integrated solutions were not good, with error RMS of 2.00 m, 0.89 m and 0.65 m in the north, east and down directions, respectively. However, when adding UWB data, the solution is improved by 82%, 88% and 14%, respectively. It can be seen that the accuracy improvement in the east and north directions were much larger than that in the down direction. The accuracy improvement in height can be lower than 14%. So the output of the machine learning excludes the position information in the height. The field test trajectories of GPS/INS integrated navigation with and without UWB observation in stage one are shown in Figure 7 . Figure 8 shows the comparison of PDOP (Position Dilution of Precision) value between GPS/INS and GPS/UWB/INS tightly coupled navigation. Figure 9 shows the time series of position errors in the north, east and down directions for two schemes. Table 2 summarizes the root mean square (RMS) and MEAN of position error for the two schemes during this period of the test. The GPS/INS integrated solutions were not good, with error RMS of 2.00 m, 0.89 m and 0.65 m in the north, east and down directions, respectively. However, when adding UWB data, the solution is improved by 82%, 88% and 14%, respectively. It can be seen that the accuracy improvement in the east and north directions were much larger than that in the down direction. The accuracy improvement in height can be lower than 14%. So the output of the machine learning excludes the position information in the height. Figure 2 . The predicted value of the position difference was very close to the real value. Shown in Figure 11 are north and east errors of position differences between the GPS/INS and the GPS/INS/UWB integrated solution in the training process. Still, the two-dimensional RMS for both directions was somewhat low and below half-meter, which was 19 cm in the north direction and 12 cm in the east direction for RMS of the training result error. Training results showed that the method displayed in Figure 2 had a good performance for estimating the position difference. Figure 2 . The predicted value of the position difference was very close to the real value. Shown in Figure 11 are north and east errors of position differences between the GPS/INS and the GPS/INS/UWB integrated solution in the training process. Still, the two-dimensional RMS for both directions was somewhat low and below half-meter, which was 19 cm in the north direction and 12 cm in the east direction for RMS of the training result error. Training results showed that the method displayed in Figure 2 had a good performance for estimating the position difference. Figure 2 . The predicted value of the position difference was very close to the real value. Shown in Figure 11 are north and east errors of position differences between the GPS/INS and the GPS/INS/UWB integrated solution in the training process. Still, the two-dimensional RMS for both directions was somewhat low and below half-meter, which was 19 cm in the north direction and 12 cm in the east direction for RMS of the training result error. Training results showed that the method displayed in Figure 2 had a good performance for estimating the position difference. Figure 12 with a duration from 486,500 s to 486,700 s. Figure 13 The trajectory of GPS/INS integrated navigation is shown in Figure 12 with a duration from 486,500 s to 486,700 s. Figure 13 shows the time series of position errors in the north and east directions for GPS/INS integrated navigation. The UWB information and error correction method are not employed during this time. It is obvious that the trajectory of the GPS/INS integrated navigation without error correction seriously deviated from the reference. The error RMS reaches up to 1.68 m and 0.68 m in the north and east directions, respectively. The trajectory of GPS/INS integrated navigation is shown in Figure 12 with a duration from 486,500 s to 486,700 s. Figure 13 shows the time series of position errors in the north and east directions for GPS/INS integrated navigation. The UWB information and error correction method are not employed during this time. It is obvious that the trajectory of the GPS/INS integrated navigation without error correction seriously deviated from the reference. The error RMS reaches up to 1.68 m and 0.68 m in the north and east directions, respectively. The trajectory of GPS/INS integrated navigation is shown in Figure 12 with a duration from 486,500 s to 486,700 s. Figure 13 shows the time series of position errors in the north and east directions for GPS/INS integrated navigation. The UWB information and error correction method are not employed during this time. It is obvious that the trajectory of the GPS/INS integrated navigation without error correction seriously deviated from the reference. The error RMS reaches up to 1.68 m and 0.68 m in the north and east directions, respectively. In the duration from 486,700 s to 486,900 s, we applied the constructed model to predict the position difference between the GPS/INS and GPS/INS/UWB integrated solutions. Figure 14 provides the prediction results. The legend 'predicted value' represents the position difference predicted by the method as shown in Figure 2 . Shown in Figure 15 are north and east errors of position differences between GPS/INS and GPS/INS/UWB integrated solution in the predicting process. As in the training phase, still the 2D RMSE for both directions is somewhat low and below one meter, which was 26 cm in the north direction and 18 cm in the east direction for RMS of the training result error. Prediction results showed that the method in Figure 2 offers a good performance for estimating the position difference. It can be noticed that the error of the predicted value is much smaller than the position error of GPS/INS integrated navigation. The proposed scheme learned the error behavior of GPS/INS/UWB integrated navigation well during the UWB signal outage.
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Conclusions
An enhanced GPS/INS/UWB integrated scheme with positioning error correction is proposed to improve the position accuracy, which is based on predicting the position difference between GPS/INS solution and GPS/INS/UWB solution in the UWB outage scenario. The functionality and performance of the proposed method has been verified. It was also compared with the GPS/INS integrated navigation using a single-point-positioning mode with pseudo-range observation.
Based on the ability of UWB observations to enhance the position accuracy of GPS/NS integrated navigation, the proposed method taps the potential of UWB information observed before when the UWB signal is unavailable. The solution of the enhanced GPS/INS/UWB integrated scheme maintains sub-meter accuracy during the whole test, even in the case of UWB signal outage. In contrast, the GPS/INS integrated system only results in accuracy of one to two meters due to the large deviation 
Based on the ability of UWB observations to enhance the position accuracy of GPS/NS integrated navigation, the proposed method taps the potential of UWB information observed before when the UWB signal is unavailable. The solution of the enhanced GPS/INS/UWB integrated scheme maintains sub-meter accuracy during the whole test, even in the case of UWB signal outage. In contrast, the GPS/INS integrated system only results in accuracy of one to two meters due to the large deviation of the single-point-positioning mode. A position error correction algorithm would help to improve the solution accuracy. Based on analytical and experimental results, the GPS/INS/UWB integrated navigation with error correction outperforms the GPS/INS integrated navigation by 48% and 23% in the north and east directions, respectively, when the UWB signal is unavailable.
The integrated positioning method based on a multi-sensor is able to realize the integration of advantages from different sensors. The ability of UWB was tapped further in the proposed method, but the cooperative level of different sensors was also not high, such as the modification of system error from the UWB observation and robustness of the original observation. In our future work, the potential of cooperative work for the multi-sensor and more application conditions will be investigated.
The position error of integrated systems is mainly influenced by the state of motion and the environment. The input value of machine-learning only reflected the state of motion, because it is difficult to evaluate the motion environment quantitatively. Thus, the performance of the proposed method is best if the vehicle is always on the same route. When the road environment has changed, the performance will become worse. The construction of a more appropriate model considering the state of motion and environment is therefore the next step in our research work.
